Sugars such as trehalose, sucrose, and glucose are effectively used by a variety of animals (e.g., brine shrimp, tardigrades, some frogs, and insects), as well as by bacteria, yeasts, and plant seeds to survive freezing and extreme drying. The objective of this study was to examine the potential application of sugars to mammalian oocyte cryopreservation. To this end, we used trehalose, a nonreducing disaccharide, and mouse metaphase II oocytes as models. Our experiments show that extracellular trehalose alone affords some protection at high subzero temperatures (e.g., À158C), which diminishes with further cooling of the oocytes to À308C and below. When present both intracellularly and extracellularly, trehalose dramatically improves the cryosurvival with increasing extracellular concentrations to 0.5 M, even after cooling to À1968C. Furthermore, the combination of intracellular and extracellular trehalose with small amounts of a conventional penetrating cryoprotectant (i.e., 0.5 M dimethylsulfoxide) provide high survival, fertilization, and embryonic development rates statistically similar to untreated controls. When transferred to foster mothers, cryopreserved oocytes give rise to healthy offspring showing the proof of principle. Our experiments with differential scanning calorimetry indicate that when cooled using the same cryopreservation protocol, the mixture of 0.5 M trehalose and cryopreservation medium undergoes glass transition at high subzero temperatures, which further substantiates the use of sugars as intracellular and extracellular cryoprotectants. Taken together, our results are in agreement with the survival schemes in nature and demonstrate the successful use of sugars in cryopreservation of mammalian oocytes.
INTRODUCTION
Oocyte cryopreservation offers future fertility for women expecting loss of their ovarian function as a result of cancer therapy. Current statistics suggest that 1 in 52 females younger than age 40 years is diagnosed with cancer [1] . Successful cryopreservation of the oocytes before treatment would not only provide future fertility, but could also alleviate the emotional consequences of cancer therapy for women afflicted with such devastating disease. Furthermore, oocyte cryopreservation also represents a good alternative to embryo freezing by avoiding many legal and ethical issues that are encountered in embryo freezing today. In addition, oocyte banking has wide-ranging research and commercial applications in livestock breeding, and may help conservation of genetic material of endangered species.
The first successful cryopreservation of mammalian oocytes was achieved in the 1970s [2, 3] . A decade later, the successful cryopreservation of human oocytes was reported [4] . It took another decade and the use of intracytoplasmic sperm injection to reproduce the initial success of human oocyte cryopreservation [5] [6] [7] [8] . In recent years, encouraging results have been reported by several groups using both slow cooling [9] [10] [11] [12] and vitrification [13] [14] [15] [16] techniques. However, the overall success rate of human oocyte cryopreservation is still lower than that of its unfrozen counterparts, whereas vitrification techniques requiring direct contact between oocytes and liquid nitrogen pose a biosafety risk [17, 18] . Consequently, there is a need for more reliable protocols, as well as for alternative approaches. To this end, we have focused our efforts on sugar-based cryopreservation techniques inspired by the survival scheme in nature where a variety of organisms, from certain types of frogs and tardigrades to brine shrimp, bacteria, and yeast, cope with extreme conditions, such as freezing and almost complete drying [19, 20] . The ability to survive such extreme conditions is closely associated with the accumulation of large amounts of intracellular and extracellular sugars, such as trehalose, sucrose, and glucose [19] . The protective effect of sugars has also been shown in a number of model systems, including liposomes, membranes, and proteins during both air and freeze drying [21] [22] [23] [24] [25] . One of the major advantages of sugars is their high glass transition temperature compared with conventional cryoprotectants (CPAs), such as dimethylsulfoxide (DMSO), ethylene glycol (EG), and 1,2-propanediol (PROH) [26] [27] [28] [29] . The high glass transition temperature would, in theory, allow long-term storage of cells at high subzero and even suprazero temperatures. In fact, many organisms in nature can remain in suspended animation for years, if not centuries, by undergoing a glassy state using sugars [19] . Therefore, sugars offer a unique prospect for high-temperature storage of mammalian cells. However, mammalian cell membranes are practically impermeable to sugars. Consequently, sugars have been used as extracellular additives [30, 31] . In recent years, several groups overcame the permeability barrier using different approaches, such as thermotropic lipid-phase transition [32] , reversible poration by a genetically engineered protein [33] , transfection [34] , and ATP poration [35] , and demonstrated the beneficial effect of intracellular sugars with somatic cells. To introduce sugars into mammalian oocytes, we developed a quantitative microinjection technique because the aforementioned approach-es were not practical for the oocytes due to their small surfaceto-volume ratios [36] . Our study with mouse pronuclear eggs revealed the nontoxicity of microinjected trehalose at its effective concentrations up to 0.15 M [36] . We were also able to obtain improved cryosurvival after microinjection of trehalose into failed-to-fertilize human oocytes [37] .
In the present study, we microinjected mouse metaphase II (MII) oocytes with our model sugar trehalose to systematically address the cryoprotective effect of intracellular and extracellular trehalose as a sole CPA as well as in combination with small amounts of a conventional penetrating CPA, DMSO. In addition, we addressed the changes in glass transition temperature of freeze-concentrated trehalose/medium mixtures and showed that such mixtures undergo a glassy state at high subzero temperatures, which has implications for long-term storage of cells at high subzero temperatures. Furthermore, we also demonstrated the proof of principle by obtaining healthy pups from cryopreserved oocytes.
MATERIALS AND METHODS

Reagents and Media
All chemicals were purchased from Sigma (St. Louis, MO) unless otherwise stated. A concentrated trehalose (Fluka) solution (0.8 M) was prepared for microinjection into oocytes by dissolving pure trehalose in 15 mM HEPES (pH 7.4) that was prepared in ultrapure water. Initially, HEPESbuffered Dulbecco Modified Eagle Medium (DMEM)/F-12 mixture (Gibco, Grand Island, NY) containing 4 mg/ml BSA and 50 mg/ml gentamycin was used for manipulation of oocytes and embryos under air. DMEM/F-12 was supplemented with various concentrations of trehalose and galactose for manipulations related to microinjection and cryopreservation. Microinjection was also initially performed in this medium after supplementation with 0.10-0.15 M trehalose. Later, DMEM/F-12 was replaced with HEPES-buffered Hypermedium [36] as indicated in specific experiments. Hypermedium consisted of 95 mM NaCl, 4.78 mM KCl, 0.38 mM KH 2 PO 4 , 0.2 mM MgSO 4 Á7H 2 O, 2.0 mM CaCl 2 Á2H 2 O, 20 mM Na-lactate, 0.33 mM Napyruvate, 2.78 mM glucose, 1 mM glutamine, 0.03 mM EDTA, 4 mg/ml BSA, 50 mg/ml gentamycin, 503 essential amino acids (Gibco), 1003 nonessential amino acids (Gibco), and either 15 mM HEPES or 25 mM NaHCO 3 , depending on oocyte manipulations or culture, respectively. For in vitro fertilization (IVF) and subsequent culture of noninjected and microinjected oocytes, Hypermedium with an osmolality of 315-320 mOsm was used to partially compensate for the increased intracellular osmolality of trehalose-injected oocytes [36] . Our previous experiments revealed that the Hypermedium supports mouse embryonic development at least as well as other commonly used culture media [36] . Before use, drops of the Hypermedium were overlaid with embryo-tested mineral oil and equilibrated overnight under a humidified atmosphere of 5% CO 2 in air at 378C.
Oocyte Isolation
All animal experiments were approved by the Institutional Animal Care and Use Committee at the Massachusetts General Hospital and subsequently at the Medical College of Georgia. Metaphase II oocytes were obtained from 4-to 8-wk-old B6D2F1 (C57BL/6NCrl 3 DBA/2NCrl; Charles River Laboratories, Wilmington, MA) hybrid mice. Superovulation was induced by a combination of 5 IU equine chorionic and 2.5 IU human chorionic gonadotropins (PG 600; Intervet, Millsboro, DE), followed by 7.5 IU hCG alone 48-49 h later. Both hormone solutions were given intraperitoneally. To collect MII oocytes, the oviducts were excised from euthanized mice 13-14 h after hCG injection, and oocyte-cumulus masses were released from the ampulla. To remove cumulus cells, the oocyte-cumulus masses were exposed to 120 IU/ml bovine testis hyaluronidase (Type IV-S) at ambient temperature for 3-4 min. Next, the oocytes were washed in DMEM/F-12 or HEPES-buffered Hypermedium twice and then transferred to the Hypermedium for recovery before experimentation. For each experiment, MII oocytes were typically isolated from three or more female mice, pooled, and then randomly distributed among the experimental groups.
Microinjection of Trehalose
Quantitative microinjection of sugars was described in detail elsewhere [36] . Briefly, microinjection and holding pipettes were manufactured from 1-mm borosilicate thin-wall (B100-75-10; Sutter, Novato, CA) and thick-wall (B100-50-10; Sutter) glass capillaries, respectively. Both types of pipettes were pulled using a horizontal micropipette puller (Model P-97; Sutter). The holding pipettes were broken off at an external diameter of 70-80 lm and then fire polished using an MF-900 microforge (Narishige, East Meadow, NY). To obtain a sharp tip with an inside diameter of 0.5-0.7 lm, the injection pipettes were beveled at an angle of 408 on a modified Sutter micropipette beveler (BV-10; Sutter), and their tip diameters were determined by bubble pressure measurement in order to calibrate them. Microinjection was accomplished using two identical sets of MMN-1 coarse mechanical and MMO-202D fine hydraulic micromanipulators (Narishige) mounted on an inverted Diaphot 300 Microscope (Nikon, Melville, NY). To minimize vibration during microinjection, the micromanipulation system was set up on a vibration isolation table (TCM, Peabody, MA). A modified Stoelting piezo injector (PM-20; Stoelting, Chicago, IL) was used to facilitate puncture of the plasma membrane by a controlled sudden movement of the injection pipette. To deliver predetermined amounts of intracellular trehalose, a PLI-100 Pico-Injector (Medical Systems Co., Greenvale, NY) was used, and intracellular trehalose concentrations were confirmed by volumetric response of microinjected oocytes as described previously [36] . Oocytes that were degenerated after microinjection were easily identifiable using morphological criteria and were excluded from the experiments.
Cryosurvival Experiments
This set of experiments was designed to examine the effect of both intracellular and extracellular trehalose on the cryosurvival of mouse oocytes. The cryosurvival refers to the morphological integrity of the oocytes after thawing and culturing at 378C at least for 1 h. The rate of the cryosurvival was calculated based on the number of frozen oocytes. The aim of these experiments also was to quickly identify effective concentrations of trehalose by evaluating the morphological survival of frozen-thawed oocytes and to establish a basis for subsequent experiments on fertilization and development. To this end, we first studied the survival of frozen-thawed oocytes as a function of different extracellular trehalose concentrations by adding 0, 0.15, 0.3, and 0.5 M trehalose to the freezing medium while the simultaneous presence (;0.15 M) and absence of intracellular trehalose allowed us to uncover the effect of intracellular trehalose. The intracellular trehalose concentration was fixed around 0.15 M based on previous data showing that mouse zygotes injected with 0.15 M trehalose develop to the blastocyst stage at a rate similar to that of controls [36] . Cryosurvival was assessed after cooling trehalose-injected (intracellular trehalose group) and noninjected (no-trehalose and extracellular trehalose groups) oocytes to glass transition temperature (T g 0 ) of maximally freeze-concentrated trehalose solutions (i.e., approximately À308C). Before cooling, oocytes were transferred to respective freezing media containing different amounts of trehalose, and then aspirated into 0.25-cc plastic straws (TS Scientific, Perkasie, PA). Next, straws containing oocytes were placed in a programmable freezer (Cryomed 1010; Forma Scientific, Marietta, OH) at 08C and cooled to À68C at a rate of 28C/min. After seeding of extracellular ice and holding at À68C for 10 min, the straws were cooled to À308C at 18C/min, where they were held for 2 min before thawing. Thawing was done by holding the straws in air. Subsequently, the contents of the straws were released into DMEM/F-12 containing 0.2-0.5 M galactose at an ambient temperature depending on the extracellular trehalose concentration. Further dilution of extracellular trehalose and galactose was carried out by transferring oocytes first to 0.2 M galactose in DMEM/F-12, and then to 0.15 M galactose in the Hypermedium with 10-min intervals. The latter also was used for overnight culture. Survival of cryopreserved oocytes was assessed after overnight culture by morphological criteria that included translucent appearance of cytoplasm, integrity of the plasma membrane and the zona pellucida, and the size of the perivitelline space. The thawing rate and dilution steps of extracellular trehalose were modified in the final series of experiments, as described later.
In the next set of cryosurvival experiments, we further examined the cryoprotective effect of trehalose as a function of final freezing temperature by cooling trehalose-injected and noninjected oocytes to slightly below the average intracellular ice formation (IIF) temperature (À158C), T g 0 (À308C), and well below T g 0 of trehalose (i.e., À608C). Based on the results in the initial experiments, intracellular and extracellular trehalose concentrations were set to 0.15 M and 0.50 M, respectively. In addition to intracellular and extracellular trehalose groups, this set of cryosurvival experiments also included a control group in which noninjected oocytes were cooled to À158C, À308C, and À608C in plain DMEM/F-12 mixture without extracellular trehalose. Cooling from À308C to À608C was carried out at 18C/min. Otherwise, the cooling and thawing protocol was identical.
Fertilization and Development of Cryopreserved Oocytes
These experiments were designed to examine the fertilization and developmental competence of cryopreserved oocytes by comparison to CRYOPRESERVATION OF MOUSE OOCYTES 71 controls. To test our hypothesis that the combination of intracellular and extracellular trehalose with low concentrations of conventional CPAs can further improve the cryoprotection while minimizing CPA toxicity [38] [39] [40] [41] [42] , one third (0.5 M) of the typical DMSO concentration (1.5 M) employed in slow-freezing protocols was also used in these series of experiments.
In the initial set of embryonic developmental experiments, we studied the fertilization and embryonic development of MII oocytes after cooling to À608C using the same protocol described above with two exceptions: 1) HEPESbuffered Hypermedium containing 10% fetal bovine serum was used as a cryopreservation medium instead of DMEM/F-12 and 2) intracellular trehalose concentration was reduced to approximately 0.08 M based on excellent survival rates achieved in the presence of 0.5 M DMSO. The lower intracellular trehalose concentrations facilitate embryo culture at osmolalities closer to physiological values around 290 mOsm and simplify the dilution of extracellular trehalose. The extracellular trehalose concentration was 0.5 M, as before. Experimental groups included 1) combination of only extracellular trehalose with 0.5 M DMSO, 2) intracellular and extracellular trehalose, and 3) combination of intracellular and extracellular trehalose with 0.5 M DMSO. In our preliminary studies, 0.5 M DMSO alone yielded poor survival (39%) after cooling to À608C, and therefore it was not tested further. Untreated oocytes served as controls. In vitro fertilization and culture of inseminated oocytes were carried out in Hypermedium at 378C under a humidified atmosphere of 5% CO 2 in air. For IVF, sperm were obtained from the cauda epididymides of a mature (4-6 mo old) BDF1 males (C57BL/6NCrl 3 DBA/2NCrl; Charles River Laboratories). The cauda epididymides were dissected and placed in a large drop (0.4 ml) of pre-equilibrated, BSA-free Hypermedium. Sperm were released into the medium by gently puncturing the epididymides (five to seven times) with a hypodermic needle and allowed to disperse for 15 min at 378C. After dispersion, sperm concentration was determined using a hemocytometer. To give a final concentration of 1 3 10 6 to 2 3 10 6 sperm/ml, an appropriate volume of the sperm suspension was added to each insemination drop containing Hypermedium with BSA supplementation. The insemination drops were then incubated for 1-2 h in order to capacitate the sperm before introducing control and microinjected oocytes. After 5-6 h of incubation with sperm, all oocytes were washed twice in the Hypermedium and then cultured in fresh drops of the same medium. Cleavage to the two-cell stage was examined after overnight culture, whereas development to the blastocyst stage was evaluated after 5 days of culture. Fertilization and blastocyst rates were calculated based on the number of survived and fertilized oocytes, respectively.
The aim of the next and final set of experiments was to evaluate the survival, fertilization, and development of cryopreserved oocytes after cooling to À1968C. To this end, mouse oocytes were microinjected with 0.05-0.08 M trehalose and cooled to À608C at 18C/min in the presence of 0.5 M extracellular trehalose and DMSO, and then plunged into liquid nitrogen. After storage in liquid nitrogen for several days, cryopreserved oocytes were slowly thawed and then inseminated along with both untreated and trehalose-injected but unfrozen controls. The cryopreservation protocol in this final set of experiments was further modified by slowing the thawing rate and simplifying the dilution steps to reduce osmotic stresses, as explained later in Discussion. The slower thawing rates (;768C/min from À1968C to À408C and ;98C/min from À408C to 08C) were achieved by holding the straws within the neck region of a liquid nitrogen tank for 5 min. After thawing, the oocytes were released into HEPES-buffered Hypermedium containing 0.1 M galactose, where they were held for 7 min. Next, the oocytes were transferred to a fresh drop of 0.1 M galactose for 7-10 min before being transferred to the culture medium for a recovery period of 1 h. Following the recovery period, both cryopreserved and control oocytes were inseminated as descibed above to evaluate fertilization and embryonic development. The control groups included untreated controls and injection controls that were microinjected with the same amount of trehalose but not frozen. To demonstrate the proof-of-principle that mouse oocytes cryopreserved using small amounts of trehalose and DMSO can develop to term, we also carried out embryo transfer, as described next.
Embryo Transfer
Nontreated control and cryopreserved oocytes were inseminated and cultured in the Hypermedium (;320 mOsm) overnight. On Day 1.5, the resulting two-cell embryos were transferred into the oviducts of Day 0.5 pseudopregnant CD1 females that were obtained by mating them to vasectomized CD1 males. In cases of blastocyst transfer, embryos were transferred into uterine horns of Day 3.5 pseudopregnant CD1 females. The pseudopregnant CD1 females were anesthetized by an intraperitoneal injection of avertin (0.3-0.4 mg/g body weight), and 10-13 embryos from either the control or the treatment group were transferred to each female. The recipients were individually housed after embryo transfer. Embryo transfer into oviducts and uterine horns was carried out as described by Hogan et al. [43] .
Determination of Glass Transition Temperature
To measure the glass transition temperature of freeze-concentrated cryopreservation media by differential scanning calorimetry (DSC), 20 ll of 0.5 M trehalose in DMEM/F-12 was pipetted into a DSC aluminum pan and hermetically sealed. The sample pan was run against a similarly sealed empty reference pan. A modified Mettler DSC-FP90 (Mettler Instrument Corp., Highttown, NJ) with FP99 system software was used to control the sample temperature and scan the heat flow. First, the sample and reference pan were brought to À68C, and then ice was seeded in the sample. After being held at À68C for 3 min, the sample and reference pan were next cooled to À608C at 18C /min and equilibrated at À608C for 5 min. Subsequently, the pans were heated to 208C at 108C/min to produce a thermogram. A typical change in heat flow indicated glass transition of the sample (Fig. 1) . The midpoint between the onset and endpoint of the transition was taken as the glass transition temperature. To probe the effect of cooling rates, some sample pans were first immersed into LN 2 and then quickly transferred to the DSC cell at À608C. Next, the sample was equilibrated with the start tempertature (i.e., À608C) and heated to 208C at 108C/min to determine the glass transition temperature. Measurements were repeated three times. Plain DMEM/F-12 without any disaccharide was used as a control solution. In addition, DSC measurements were repeated with the mixture of 0.5 M trehalose and 0.5 M DMSO, as well as with 0.5 M sucrose in DMEM/F-12 for comparison. 
Statistical Analysis
The data were analyzed by chi-square test, Fisher exact test, or ANOVA as appropriate, and using GraphPad Prism (GraphPad Software Inc., San Diego, CA). Before ANOVA, arcsine transformation was performed on proportional data. Differences between the groups were considered statistically significant when the P value was less than 0.05. Experiments in each series were repeated at least three times. Data reported are means of survival, fertilization, and development rates, with error bars representing standard error of mean.
RESULTS
Glass Transition Temperature of Disaccharide/Medium Mixtures
The glass transition temperature (T g 0 ) of maximally freezeconcentrated binary disaccharide solutions (i.e., disaccharide/ water) has already been published [26, 44, 45] . However, it was unclear how the components of a cryopreservation medium (e.g., salts, proteins, and other carbohydrates such as glucose), the presence of 0.5 M DMSO, and the cooling rate used in the present study (18C/min) affected T g 0 . This information is relevant to designing cooling protocols and determining possible storage temperatures other than in liquid nitrogen. To clarify this issue, we performed DSC measurements with 0.5 M trehalose and sucrose prepared in DMEM/F-12, and we used plain DMEM/F-12 without disaccharide supplementation as a control. In addition, we measured the T g 0 of our cryopreservation medium containing 0.5 M trehalose and 0.5 M DMSO. The results of these measurements are shown in Figure 1 . Upon freezing and warming, the mixtures of trehalose and sucrose with DMEM/F-12 showed a clear glass transition around at À338C and À358C, respectively. These T g 0 values for the trehalose/medium and sucrose/ medium mixtures were slightly lower than those (approximately À288C and À328C, respectively) of their respective binary solutions in distilled water (Fig. 1A) . Unlike the disaccharide/ medium mixture, DMEM/F-12 alone showed no typical change in heat flow indicative for glass transition. The thermogram of plain DMEM/F-12 displayed only ice melting within the scanned temperature range (À608C to 208C), as expected (Fig.  1B) . To address the effect of the cooling rate, we directly immersed the sample DSC pan into LN 2 , equilibrated it with the start temperature (À608C), and then measured T g 0 as usual. Interestingly, the fast cooling rate (i.e., directly immersing the DSC pan into LN 2 vs. slow cooling to À608C) did not significantly alter the T g 0 of the 0.5 M trehalose/medium mixture, both of which were around À338C (Fig. 1) . In contrast, the presence of 0.5 M DMSO in 0.5 M trehalose/ medium mixture depressed the T g 0 to À428C. Nevertheless, even this depressed T g 0 is much higher than those of conventional penetrating CPAs and would in theory allow the cryostorage at a À808C freezer or transport on dry ice if the intracellular T g 0 also occurs at such high subzero temperatures. Because macromolecules increase the T g 0 and the oocyte cytoplasm largely consists of macromolecules and the sugar/ CPA mixture after freezing-induced dehydration, it is likely that the intracellular T g 0 occurs at a similar high subzero temperature.
Survival after microinjection. The microinjection procedure itself induced minimal damage when performed properly. On average, 96% of the microinjected oocytes survived the procedure when assesed by morphological criteria after 30-40 min of incubation at 378C.
Cryosurvival. To evaluate the protective effect of intracellular and extracellular trehalose against cryopreservationassociated stresses, both trehalose-injected and noninjected mouse oocytes were subjected to freezing and thawing. First, we examined the cryosurvival of mouse oocytes as a function of different extracellular trehalose concentrations by adding 0, 0.15, 0.3, and 0.5 M trehalose to the freezing medium while the intracellular trehalose concentration was kept at 0.15 M. Oocytes that were frozen in the absence of intracellular and extracellular trehalose served as controls. The results of these experiments involving a total of 459 mouse oocytes are summarized in Figure 2 . In the absence of intracellular and extracellular trehalose, no oocytes survived freezing to À308C. Adding 0.15 or 0.3 M trehalose to the freezing medium resulted in minimal cryosurvival of 4% to 5% without a significant difference. Further increase of the extracellular trehalose concentration to 0.5 M raised the cryosurvival to 17%, which was statistically significant. However, more dramatic improvement in the cryosurvival was observed when increasing extracellular trehalose concentrations were combined with intracellular trehalose. Specifically, the cryosurvival rates in the presence of 0.15 M intracellular trehalose were 18%, 55%, and 84% for 0.15, 0.3, and 0.5 M extracellular trehalose, respectively. This almost linear increase in the survival rate as a function of increasing extracellular trehalose concentrations was highly significant, indicating the critical role of both intracellular and extracellular sugars in cryoprotection.
To further probe the protective effect of trehalose, we next compared the survival of trehalose-injected and noninjected oocytes as a function of final freezing temperature by cooling them to slightly below the average IIF temperature (À158C), T g 0 (À308C), and well below the T g 0 of trehalose (i.e., À608C). A total of 488 oocytes were subjected to the freezing in three groups: 1) control group without intracellular and extracellular trehalose; 2) extracellular trehalose group with 0.5 M trehalose in the freezing medium; and 3) intracellular and extracellular trehalose group with 0.15 M intracellular and 0.5 M extracellular trehalose. A fourth group with only 0.15 M intracellular trehalose was omitted because it requires increasing the osmolarity of the freezing medium. It is also important to note that the cryoprotective effect of 0.15 M intracellular and 0.5 M extracellular trehalose was examined after cooling to À308C in the first series of experiments (Fig. 2) . Therefore, we have not repeated the same experiments for these series. Instead, we combined those two data points with the results of this series of experiments to present a complete picture of the cryosurvival as a function of final cooling temperature. The results of these experiments are shown in Figure 3 . In the absence of intracellular and extracellular trehalose, only 9% of control oocytes survived cooling to À158C, whereas all control oocytes were degenerated with further cooling to À308C or À608C. Compared with the control (no-trehalose) group, the presence of 0.5 M extracellular trehalose alone significantly improved the survival to 60% after cooling to À158C (P , 0.001). However, survival of the oocytes in the extracellular trehalose group steeply declined to 17% and then 14% as the final cooling temperature lowered to À308C and À608C, respectively. In contrast, 90% of mouse oocytes in the intracellular and extracellular trehalose group survived cooling to À158C, whereas 83% and 81% of them were able to maintain their viability as the temperature was lowered to À308C and À608C, respectively. These survival rates that were significantly higher than those in the control and extracellular trehalose groups suggest that sugars should be present both inside and outside the cell for optimal cryoprotection.
Fertilization and Development of Cryopreserved Oocytes
In the initial set of embryonic developmental experiments, we investigated the fertilization and development of cryopreserved oocytes after cooling to well below the T g 0 of trehalose (i.e., À608C). As explained in Materials and Methods, we modified the freezing protocol in this set of the developmental experiments to test our hypothesis that the combination of sugars with low concentrations of conventional CPAs would further improve the cryoprotection. These modifications included 1) adding small amounts (i.e., 0.5 M) of DMSO to the cryopreservation medium, 2) reducing intracellular trehalose concentration to around 0.08 M, and 3) using HEPESbuffered Hypermedium instead of DMEM/F-12. A total of 358 MII oocytes were used in four groups that were 1) control, 2) extracellular trehalose þ DMSO, 3) intracellular and extracellular trehalose, and 4) intracellular and extracellular trehalose þ DMSO groups. Our preliminary studies showed that 0.5 M DMSO alone was insufficient to provide adequate protection. Therefore, we have not included that group (i.e., 0.5 M DMSO alone) in this series of experiments.The MII oocytes in the three freezing groups were cooled to À608C at 18C/min, held at this temperature for 10 min, thawed in air, and then inseminated along with unfrozen controls by conventional IVF. The results of these experiments are summarized in Figure  4 . In the absence of intracellular trehalose, the combination of extracellular trehalose with DMSO provided a reasonable cryosurvival rate of 77% after cooling to À608C. The cryosurvival rate was significantly improved even further when we combined intracellular and extracellular trehalose (92%) or intracellular and extracellular trehalose with DMSO (96%). Similarly, the fertilization rates in the latter two groups (74% and 83%, respectively) were comparable to that of untreated controls (83%), whereas the combination of extracellular trehalose with DMSO yielded an acceptable but significantly lower fertilization rate (63%) than untreated controls. However, only a small portion of the fertilized eggs in the intracellular and extracellular trehalose group (21%) developed to the blastocyst stage, similar to the ones in the extracellular trehalose þ DMSO group (21%). In contrast, the majority of the fertilized eggs in the intracellular and extracellular trehalose þ DMSO group (66%) developed to the blastocyst stage, although it was still significantly lower than untreated controls (98%). Nevertheless, our results indicate that intracellular and extracellular trehalose in combination with small amounts of a conventional penetrating CPA can greatly improve the survival, fertilization, and embryonic development of frozen-thawed mouse oocytes.
In the next set of embryonic development experiments, we studied fertilization and development of cryopreserved oocytes after cooling them to À1968C and further modified our cryopreservation protocol to improve the results by using slower warming rates and a simplified dilution procedure. The intracellular trehalose concentration was kept between 0.05 and 0.08 M. A total of 355 MII oocytes were used in three groups, which included 1) untreated controls, 2) trehalose-injected but unfrozen injection controls, and 3) trehalose-injected oocytes cryopreserved in the presence of extracellular trehalose and DMSO. The results of these experiments are summarized in Figure 5 . The vast majority (90%) of cryopreserved oocytes survived the freezing and thawing procedure and had a fertilization rate (87%) similar to that of untreated (94%) and   FIG. 3 . Cryosurvival of trehalose-injected and noninjected mouse oocytes as function of final cooling temperature. The survival rates represent mean 6 SEM. Different lowercase letters for a given temperature indicate significant differences between the groups, whereas different capital letters denote significant differences within each group with respect to final cooling temperature (P , 0.05) .   FIG. 4 . Cryosurvival, fertilization, and embryonic development of mouse oocytes after cooling to À608C. The rates represent mean 6 SEM. Different lowercase letters for each category indicate significant differences between the groups (P , 0.05).
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injected unfrozen (94%) controls. Likewise, a high percentage of fertilized oocytes developed to the blastocyst stage in the cryopreservation group (65%), which was not significantly lower than the blastocyst rates of untreated (80%) and injection controls (79%), showing the positive effect of our modifications. Taken together, these results suggest that intracellular and extracellular trehalose with small amounts of DMSO affords an adequate cryoprotection for mouse oocytes during freezing to liquid nitrogen temperature and subsequent thawing.
To demonstrate the proof-of-principle that MII oocytes cryopreserved using small amounts of trehalose and DMSO can develop to term, we froze and thawed the oocytes as described above, inseminated the surviving oocytes, and then transferred the resulting embryos into the oviducts or uterine horns of pseudopregnant CD1 females. The transfer of two-cell embryos from the control (22) and cryopreservation (21) groups into the oviducts of pseudopregnant females resulted in the birth of five and four pups with delivery rates of 23% and 19%, respectively. We also transferred 25 control blastocysts and 22 blastocysts that originated from cryopreserved oocytes into the uterine horns of pseudopregnant CD1 females and obtained seven (28%) and three (14%) pups, respectively. All offspring in both control and cryopreservation groups were healthy, grew, and bred normally, giving birth to a second generation of healthy pups.
DISCUSSION
In the present study we used trehalose as a model sugar to test our two hypotheses that 1) sugars such as trehalose can protect mammalian oocytes against freezing-associated stresses when present both intracellularly and extracellularly and 2) the combination of sugars with low concentrations of conventional CPAs such as DMSO can further improve cryoprotection while minimizing CPA toxicity. Our results showing that 1) in the presence of intracellular trehalose, increasing extracellular trehalose concentrations provide excellent cryosurvival rates and 2) the combination of intracellular and extracellular trehalose with small amounts of DMSO results in high cryosurvival, fertilization, and development rates support both hypotheses. Furthermore, we demonstrated the proof-ofprinciple by obtaining healthy offspring from cryopreserved oocytes.
The results of this study are consistent with the survival scheme in nature. It is well known that the accumulation of intracellular and extracellular sugars such as trehalose and sucrose plays a major role in the survival of a diversity of animals (e.g., certain frogs, nematodes, tardigrades, insects, brine shrimp), as well as bacteria, yeasts, and plant seeds under extreme drying and freezing [19, 20] . Findings of several studies suggest that sugars afford their protection 1) by stabilizing lipid membranes and proteins as a result of direct interactions with polar residues through hydrogen bonding (socalled water replacement hypothesis) and 2) by their excellent glass-forming properties [21] [22] [23] . In the present study the T g 0 of binary solutions of trehalose (approximately À288C) and the T g 0 of sucrose (approximately À328C) were similar to those in previously published results [26, 27, 45] , whereas the components of the cryopreservation medium in the absence of DMSO slightly depressed the T g 0 of trehalose/medium (À338C) and sucrose/medium (À358C) mixtures. These T g 0 values are significantly higher than those of conventional penetrating CPAs, which are typically below À858C [27] [28] [29] . Therefore, sugars like trehalose are more effective glass formers than the conventional CPAs. Because the objective of any cryopreservation procedure is to safely bring the cells into a glassy state, the low T g 0 of conventional CPAs requires dehydration of the cells through the homogenous ice nucleation temperature. This makes the cells susceptible to IIF, particularly in the case of insufficient dehydration due to dramatically reduced or stopped water transport at such low subzero temperatures. In contrast, the high T g 0 and relatively flat melting curve of sugars such as trehalose allow cell dehydration at high subzero temperatures without crossing homogenous ice nucleation temperature while the water permeability across the cell membrane is still high. A high T g 0 also means dramatically increased viscosity at relatively high subzero temperatures around T g 0 , which may protect cells during the freeze-thaw process by preventing nucleation and growth of lethal intracellular ice crystals. Furthermore, a high T g 0 would potentially permit long-term storage and transportation of cells at higher subzero temperatures (e.g., À808C freezer and on dry ice, respectively) than À1968C. This would also reduce thermal stresses that occur, particularly during the plunging of samples from an intermediate temperature to the LN 2 temperature and subsequently during rapid warming [46] [47] [48] . Our results further indicate that trehaloselike sugars can be combined with small amounts of conventional CPAs without much lowering the T g 0 while maximizing the cryoprotection. The T g 0 of 0.5 M trehalose and DMSO (i.e., approximately À428C ) would still allow the cryostorage at a À808C freezer or transport on dry ice if intracellular glass transition occurs at a similar subzero temperature. In the present study we have not documented the glassy state of oocyte cytoplasm. It is unclear how intracellular compartmentalization and cytoplasmic contents of the oocytes affect the glass transition temperature. Further research is needed to address these issues.
The cryosurvival, fertilization, and embryonic developmental rates obtained in this study are comparable to the best results in the literature achieved using much higher CPA concentrations [49] [50] [51] [52] [53] [54] . This indicates the efficiency of trehaloselike sugars in cryopreserving mammalian oocytes. The effectiveness of sugars has also been shown using several other cell types [32, 33, 55] . In the present study trehalose as a sole cryoprotectant provided excellent cryosurvival and fertilization (cleavage to the two-cell stage) rates. However, further   FIG. 5 . Cryosurvival, fertilization, and embryonic development of mouse oocytes after cooling to À1968C. The rates represent mean 6 SEM. There was no significant difference between the groups (P . 0.05). N/A indicates that control oocytes were not cryopreserved, and thus the cryosurvival is not applicable.
CRYOPRESERVATION OF MOUSE OOCYTES
development of cryopreserved oocytes to the blastocyst stage was impaired. The reason for this is unclear. Insufficient cryoprotection of cell organelles by cytoplasmic trehalose might have contributed to poor blastocyst rates. As shown in cryosurvival experiments and earlier studies [33, 37] , optimal cryoprotection requires the presence of trehalose at both sides of membranes. Although we injected trehalose into the cytoplasm, it might have not entered into organelles, such as mitochondria and endoplasmic reticulum, that are vital for proper cell functionality. Consequently, insufficient protection of vital cell organelles might have been manifested after activation of the embryonic genome at the two-cell stage, until which point cytoplasmic stores accumulated during oocyte growth and maturation are used. Support for this explanation comes from the experiments that also included 0.5 M DMSO as a penetrating CPA. Indeed, the addition of small amounts (0.5 M) of DMSO that also enters into cell organelles was sufficient to greatly improve the development rates to the blastocyst stage. This finding also suggests that the development of cellpermeable sugars may dramatically improve the cryoprotection afforded by sugars and opens the door for cell/tissue storage at ambient temperatures.
Earlier studies on human oocyte cryopreservation typically used 0.1 M sucrose as extracellular additive [56] [57] [58] [59] . When we used higher concentrations of extracellular sugars with mouse and failed-to-fertilize human oocytes, we obtained improved cryopreservation outcome [37, 60, 61] . In 2001, Fabbri et al. [62] published a comprehensive study with human oocytes showing that increasing the concentration of extracellular sucrose from 0.1 to 0.3 M in slow-freezing protocols significantly improves the cryosurvival of human oocytes. This study stimulated further studies, which also demonstrated improved spindle morphology, cryosurvival, and fertilization rates after cryopreservation of human oocytes using 0.3 M extracellular sucrose and 1.5 M 1,2-propanediol [63, 64] , although the improvement in pregnancy and implantation rates is still debated [12, 65, 66] . Since the current slow-freezing protocols of human oocytes use moderate concentrations (1.5 M) of penetrating CPAs, such as 1,2-propanediol, the beneficial effect of higher concentrations of extracellular sucrose may not be obvious in such protocols. However, the favorable effect of an even higher extracellular sugar concentration (i.e., 0.5 M) became apparent when we used low intracellular CPA concentrations in the present study. This might be a result of temporary increase in the intracellular CPA concentration and initial suppression of IIF by cell dehydration in the presence of 0.5 M extracellular trehalose, as well as better stabilization of the extracellular milieu in a glassy state.
During the course of this study we made several modifications in our protocol. Based on our earlier studies, we initially injected mouse oocytes with 0.15 M trehalose. Over the course of this study, we found that even lower concentrations of intracellular trehalose were very effective, particularly when combined with small amounts of DMSO (0.5 M). Consequently, we lowered the intracellular trehalose concentration with the progress of the study. The lower intracellular trehalose concentrations facilitate embryo culture in terms of overall osmolality of the culture medium, allow faster elimination of intracellular trehalose after freezing and thawing, and also simplify the dilution procedure. Another modification was adjustment of the warming rate. Initially, we thawed the samples in air, which resulted in a warming rate of approximately 2208C/min. However, after thawing in air some oocytes seemed to experience osmotic stresses due to swelling. Consequently, we attempted to slow down the warming rate by holding the straws within the neck region of our cryotank because our current controlled-rate freezer (Cryomed 1010) does not allow programming of warming rates. Indeed, we were able to slow down the warming rates (;768C/min to À408C and ;98C/min to 08C), which improved the results. Based on our glass transition measurements, we can predict that a faster warming rate to the glass transition temperature (i.e., around À308C) or slightly above it, and then a slower warming rate to 08C would give better results by reducing osmotic shock. In the future, we plan to revisit this issue using a controlled-rate freezer with programmable warming rates.
Typically, slow cooling and vitrification protocols use high concentrations (from 1.5 M up to 6.0 M) of penetrating conventional CPAs compared with 0.5 M DMSO in the present study. Two early studies showing that mouse embryos can be frozen using lower concentrations of CPAs (i.e., 1.0 M DMSO and 1.2 M EG) with good success rates represent an exception to this [67, 68] . However, it is well known that mammalian embryos are more resistant to cryopreservation-associated stresses than oocytes and have been successfully cryopreserved routinely for many decades, in contrast to mammalian oocytes. Another exception is the study of Schroeder et al. [54] , who were able to successfully cryopreserve mouse oocytes using a slow-cooling protocol and 1.0 M DMSO, although their DMSO concentration was 2-fold higher than that in the present study. The use of lower concentrations of penetrating CPAs are important to avoid/reduce the potential toxicity of such CPAs [38] [39] [40] [41] [42] .
Any intervention causing even temporary change in the equilibrium of the physiological state could potentially be toxic to cells. This applies to microinjection of sugars, as well as loading conventional CPAs. Nevertheless, human intracytoplasmic sperm injection, which introduces small amounts of PVP, a synthetic polymer, into oocytes, proved to be an extremely useful manipulation. To address the safety issue, we performed a series of experiments. Our studies with trehaloseinjected mouse oocytes revealed that microinjected trehalose is rapidly eliminated during embryonic development [69] . When we cultured mouse pronuclear eggs injected with 0.10-0.15 M trehalose, we obtained embryonic development rates similar to those in untreated controls [36] . Embryo transfer of trehaloseinjected eggs also resulted in implantation and delivery rates similar to those in controls [36] . Furthermore, studies involving intracellular loading of higher concentrations of sugars into different mammalian cells, such as embryonic stem cells and fibroblasts, showed that these cells function and grow normally [33, 70] . Taken together, a large body of experimental evidence indicates nontoxicity of the sugars that are used by many organisms as osmolytes against osmotic stresses [71, 72] , as well as against chemical [73] and hypoxic [74] stresses. Our current results showing that healthy pups can be obtained from trehalose-injected and cryopreserved mouse oocytes further confirm the safety of our cryopreservation technique, although the delivery rates for untreated control and cryopreserved oocytes were at the lower range of published data due to suboptimal embryo transfer setup (e.g., transportation of embryos to another building for embryo transfer, exposure to nonphysiologic temperature and pH, and poor microscopy setting for embryo transfer).
In conclusion, the results of this study showing that mouse oocytes can be cryopreserved successfully by low concentrations of trehalose and DMSO support potential use of sugars, such as trehalose, as intracellular and extracellular cryoprotectants in cryopreservation of mammalian oocytes and open the 76 door for convenient long-term storage of the oocytes at high subzero temperatures, as well as for transportation on dry ice.
